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Assessment of Propeller Influence on Lateral-Directional
Stability of Multiengine Aircraft

R. S. van Rooyen* and M. E. Eshelbyf
Cranfield Institute of Technology, Cranfield, Bedford, United Kingdom

Using a twin-engine turboprop aircraft, flight measurements were made to supplement the very limited data
on the effects of propellers on the individual lateral static and dynamic stability derivatives. It is found that the
propeller slipstream significantly affects the wing contribution to the derivative /,. A significant reduction in
recovery time from the spiral mode instability in low-speed, high-power conditions is consequently found.
Propeller disk contribution to the overall damping in yaw derivative 7, is also found to be significant. Propeller
contributions to y, and r,, due to the known ‘“fin’’ effect, are found to be small for the test aircraft. Existing
expressions to calculate propeller influence on /,, n,, and y, are shown to be adequate, while an expression to
calculate the propeller contribution to ,, which appears not to have been analyzed before, is presented.

Nomenclature
a =lateral acceleration
b =wing span
Cp; . =drag coefficient of slipstream-immersed wing area
=Dl/qu
Cy =yawing moment coefficient =N/pn?D?
Cr =thrust coefficient = T/pn?D*
Cy =sideforce coefficient = Y/pn?D*
D = propeller diameter
D; =drag of a slipstream-immersed wing area
1.1, =moments of inertia with relation to X and Z body
-axes
I, =product of inertia with relation to X and Z body
axes

i =incidence of propeller shaft with relation to X

body axes )
=advance ratio = V/nD
=rolling moment about X body axis
=98L/dp/(YapVSb?)
=0L/3r/(Y4pVSh?)
=0L/3v/(Y2pVSbh)
=93L/3t/(VapV?3Sbh)
=8L/3¢/ (YapV?2Sb)
= aircraft mass
=yawing moment about Z body axis
=number of propellers
= propeller rotational velocity, rps
=3N/dp/(VapVSb?)
=03N/dr/ (YapVSh?)
=0dN/dv/ (VapVSh)
=A3N/dt/ (VapV?Sh)
=03N/d¢/ (VapV2Sb)
=freestream dynamic pressure = Y2pV?
=mean slipstream dynamic pressure

relative to g,
=blade radius, rate of yaw
=wing area
=thrust force per propeller
=total thrust coefficient =N, T/q .S
= forward velocity
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v =slipstream velocity relative to Y
X,Y,Z =orthogonal set of aircraft body axes
X =nondimensional blade radius =2r/D

Y =side force

yr =lateral displacement of propeller shaft
Yy =93Y/aV/(pVS)

Ve =9Y/3¢/(pV?3S)

Ve =93Y/3¢/ (pV?S)

Zr =vertical displacement of propeller disk center

o) =d( )/dt

o =incidence of X body axis

B =sideslip angle

A =incremental value

p =air density

) =bank angle

0 =blade azimuth angle

¥ =yaw angle

o, =slipstream sidewash angle

€p =slipstream downwash angle

. =mean aileron angle= 2 (£, +£,)

¢ =rudder angle

(s} =pitch angle of X body axis

T =2m/pSV

I =2m/pSbh

Subscripts

AC, =wing drag differential due to r

AC, = propeller thrust differential due to r
fin =propeller “‘fin’’ effect

i =inboard propeller

na = engine nacelle

o = outboard propeller
p =rate of roll, port, propeller

Ag =slipstream dynamic pressure influence
r =rate of yaw, radial inflow velocity
s =starboard

v =vane measurement

o =differentiation with relation to «

€ =slipstream downwash influence

o, =slipstream sidewash influence

0.75 =0.75 blade radius

Introduction

ROPELLER influence on aircraft stability was
recognized as early as 1909, and the importance of this
influence has increased since the advent of modern turboprop
aircraft due to the high engine output and propeller solidities
involved. Apart from the fact that the propeller is still a
propulsor of considerable importance, renewed emphasis is
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placed on relevant propeller research with the development
now in progress of Mach 0.8 cruise propfans for use in air-
craft in the late 1980s which will offer considerably lower
energy consumption than turbofans. The total propeller
contribution to stability increases with the number of engines
on a particular aircraft type, and therefore propeller influence
may be of particular importance to a multiengine aircraft.

Propeller influence may be due either to forces and
moments experienced by the propeller when operating in an
asymmetrical flowfield, or to the interference between the
propeller slipstream and other parts of the aircraft’s structure.
In this study, attention will be paid to: 1) Effects on stability
due to the propeller blade forces and 2) Propeller slipstream
influence on the wing contribution to stability.

The significance of stability contributions resulting from
propeller blade forces acting in the plane of the disk increases
with speed, while that of forces normal to the disk plane
decreases with speed. The significance of propeller slipstream
contributions increases with decrease in speed and increase in
power since the dynamic pressure in the slipstream increases
relative to the freestream dynamic pressure.

Although ample wind-tunnel results for isolated propellers
with asymmetric inflow are available, there does not appear to
be any flight data and, for that matter, only limited wind-
tunnel data'? concerned with propeller contributions to the
individual lateral stability derivatives for the case of the in-
stalled propeller. Such data are necessary to determine the
merit of the existing predictions of propeller static stability
derivatives, since these expressions have in fact been derived
for uninstalled (or isolated) propellers. Very limited data3
concerned with propeller contributions to the rotary
derivatives are available.

The object of this study is to provide flight data to sup-
plement the limited experimental data about the influence of
propellers on individual static and dynamic lateral stability
derivatives of multiengine aircraft to allow an assessment to
be made of the significance of these effects. Flight data are
also presented in relation to existing analytical predictions and
where expressions to estimate significant propeller effects on
certain derivatives are not available, formulas are presented.
Other possible propeller effects on aircraft handling such as
asymmetric stall, propeller yawing moment at high aircraft
incidence, and propeller-induced sideslip are not discussed in
this paper.

Experimental Procedure

To observe propeller influence on stability, a method was
employed by which the test aircraft’s stability was measured
at different engine power settings. The trends of variation in
the individual stability derivatives with variations in power
were then analyzed to assess the significance of the propeller
contributions to these derivatives. Possible significant
propeller influence was explored using 50 and 20 deg flap
selections at the low-speed end, and a clean configuration at
the high-speed end. The ‘‘maximum-likelihood’’ parameter
estimation technique was used to extract derivatives from the
recorded time histories of control inputs and aircraft
responses for every maneuver executed at each power con-
dition. To attribute variations in stability to power effects
only, the test aircraft was flown at constant incidence by
means of an incidence vane angle display. This was necessary
since variations in incidence (and therefore in stability) would
have occurred with large variations in power if a technique
had been followed by which the speed was kept constant for
different power settings. This is due to the variation in lift
increments of the slipstream-immersed wing areas, and would
be particularly apparent at low-speed conditions with the
flaps selected.

The control inputs employed to perturb the aircraft from its
trimmed condition in order to extract a full set of lateral
stability and control derivatives were an aileron doublet and a
step-rudder input initiated at the same time. To isolate
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propeller side force at the high-speed end, dutch rolls were
initiated and sustained by rudder pedaling with the ailerons
held neutral. Control deflections and sideslip and incidence
vane angles were measured by rotary inductive pickoffs; roll
rate, yaw rate, and lateral acceleration by rate gyroscopes and
an accelerometer in a c.g. pack. Outputs were recorded on
magnetic tape; data were obtained at 20 samples/s. Air speed,
pressure altitude, outside air temperature, fuel flow, fuel
state, and propeller blade pitch were measured and noted
manually. i

The test aircraft was an HP 137 turboprop with two three-
bladed Hamilton Standard 23LF propellers of 2.591 m diam
running at constant 1783 rpm. The variable pitch range in
flight was 7-32 deg. For full power and maximum continuous
power, the pitch is adjusted automatically to maintain
constant shaft power and adjusted manually for other power
values.

The aircraft mass, c.g. position, and rolling moment of
inertia were obtained experimentally. The manufacturer’s
estimates of product of inertia and yawing moment of inertia
were used.

Equations of Motion
It is assumed that the stability derivatives may be written as
the sum of the basic power-off values and the power-on in-
crements:

)\Power = )‘p;?p +A(N) power 0
o
The general power-on, nondimensional, lateral-directional,
small perturbation equations of motion referred to a system
of body axes are given by:

B=psina—rcosa+ (2/7) BY ypower + (8/ V) $c0sO+ (2/7)y &

p—1I /1. 7= (mb?/I,7){ V2Pl ypowery T Y21 1 powen) @
+ /1) Blypowery + /T Ely + (w/7) {1 ) 3)

F=I /I p=(mb?/1,7){ ¥2PNpponer, + Y211, pomer)
+ @/ 7) B ypowen) + (BIT) ENR + (1/T) {1 ) )
¢=p Q)

It has been assumed that the side-force derivatives y,,,y,, and
»; are insignificant, and the second-order term ysin® in Eq.
(2) has been neglected. The linearized equations of motion can
be, after rearrangement, written in the form x=Ax+ Bu
which, together with a set of equations describing the output
responses, represents a system which can be described by:

X=Ax+Bu (6)
y=Cx+Du W)
z=y+n (8)

where

xT=[p,r,B3,¢], the state vector
uT=1[(¢%,,¢], the input vector
yT=1[p,r.8,.a,], the output vector
z =the measured output vector
n =vector containing the measured white noise
A computer program?’ employing the maximum-likelihood

parameter estimation technique was used to identify the
stability and control derivatives contained in the matrices A,
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B, C, and D of the system described by Eqgs. (6-8), as well as
the error bounds on the derivatives.

Discussion of Results

In NASA TN D-6946% most of the possible propeller effects
are discussed and methods given to estimate these con-
tributions to stability. Only the basic equations will be given
in this paper, except in cases where an analysis has not been
conducted. Equations are presented for the case of a four-
engine aircraft of conventional geometry. Propeller effects
due to phase angle lag of the propeller force and moment
system relative to blade azimuth are of secondary importance
and have been neglected.

The trends of the data for the 50 and 20 deg flap con-
figurations were found to be similar, and only the data for the
50 deg flap case is presented here as typical of the data ob-
tained at low-speed conditions.

Propeller Side Force due to Sideslip

Propeller effects on y, consist of the propeller side-force
contribution due to the ‘‘fin”’ effect, a change in nacelle
contribution to y, due to the increased dynamic pressure in
the slipstream, and a propeller side-force-induced sidewash of
the slipstream which effects the nacelle contribution:

A(yu)power =Np[A(yu)ﬁn +A(yv)na(Aq) +A(yu)na(ap)] (&)

where
N, =number of propellers
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Ag
A(yv)na(Aq)=[(yu)na]prop_ (11)
off do
da Aq
= — P "t
0o nacop) = [(y,,),,a]g?f,p 28 (qu) (12)

It can be shown that A(y,)s, [Eq. (10)] will have
maximum significance at maximum speed, while the slip-

stream-dependent terms A( Vo) natagy and A( yu)nagap) will
have maximum values at low-speed, full-power conditions. In

a high-speed flight test A(y, ), Was isolated by extracting the
Yy, derivative from the recorded responses of sustained dutch
rolls at 200 KIAS for the cases of 1) both engines running and
2) port engine shut down and propeller feathered. In Fig. 1 it
can be seen that the fit between measured and calculated
responses is good, and the resulting small error bounds on the
extracted y, derivative allowed a conclusion to be made about
the incremental change in the total A(y,) g, contribution due
to the shutting down of one engine. Note that the change in y,
can be attributed to A(y,) g, only, since it can be shown that
A(Yy) na(agy and A( yv)na(ap) are negligible in this condition.
The feathered propeller contribution to y, was assumed to be
negligible.

The results shown in Table 1 indicate that the ex-
perimentally determined mean value of A(y,) g, is less than
half the theoretically predicted values, but that the maximum
difference between cases 1 and 2 is —0.02, which is of the
order of the predicted values for A(y,),, calculated by a
computer simulation program of the propeller operating at
asymmetric inflow conditions,* and a currently used ex-
pression’ for estimating propeller side force. On the face of

2
) i = D*Cy (10) these limited results, it seems that the propeller “‘fin’’ effect is
viame 8J28 less than predicted, but that the existing prediction gives an
—— Measured —— Measured
z . Calculated 50 Calculated
- 2.0
irad)x 107 P~—/—’\_\ (rad ) x10 m
-4.0 : -2.0
4.0 4 2.0
(Endmo{w [/\/\M [Fad)x10
301
p W P
{rad/s)x 10 I rad/s)x10
3.0 -3.6
20 1.6
Fig. 1 Control input Fig. - 2 Control input
trad/s)x10 and response (clean con- ! and response (50 deg
20 figuration, 200 KIAS). R flap, T, = 0.066).
8.0 2.5
B .
Irad)x102 W (cad1x 10
-8.0
2.0
°v_y
1/51x107 ”\/\ \/
2.0 ‘ . —
00 15 30 45 60 15 00 20 40 60 80
Time {sec) Time tsec)
Table1l A(y,)g, at 200 KIAS
Both propellers Port propeller Propeller
running feathered Mean simulation
(case 1) (case 2) difference program De Young’
Yo pe A(-yv)fin A(yu)fin A(yu)fin
-0.574+0.004 -0.573+0.004
—0.562+0.01 —0.554+0.004 ~—0.01 —-0.025 —-0.019
—0.568 +0.004 —0.557+0.007
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upper boundary to this contribution. It appears from the
literature that no previous attempt has been made to isolate
the propeller fin effect by flight testing.

The effect of large power variation at low speed with 50 deg
of flap on y,, as extracted from the recorded aircraft
responses to combined aileron-rudder control inputs (Fig. 2),
is reflected in Fig. 3a. (The fit between measured and
calculated responses shown in Fig. 2 is typical of the results
obtained in the low-speed region with flaps selected.) The
N,IA(Y,) natag +A(yv),,a(a y] contribution as estimated
from Eqgs. (11) and (12) is sHown to be only 2% of the overall
y, derivative, with small variation in thrust coefficient 7.
The invariance of the term N,A(y,)q, as calculated by the
propeller simulation program for the same flight conditions is
also shown. In general, the flight test results for y, confirm
these predicted trends of practically constant y, with large
variations in power. In Fig. 3a full-scale wind-tunnel results
of the y, derivative of a twin-engine light aircraft! are shown
to be similarly invariant with power. Thus, although the
propeller contribution A(y,)g, is significant [6% of the
overall y, for the test aircraft at these conditions (Fig. 3a)], it
may be concluded that the slipstream and propeller sidewash
effects on the nacelles over the range of possible thrust
coefficients are of the small order of magnitude predicted by
Eqgs. (11) and (12).

Propeller Yawing Moment due to Sideslip

Propeller effects on 7, are due to the yawing moments
produced by the propeller side-force contributions, and are
written in similar form to Eq. (9):

A(nv)power =2 E [A(nu)ﬁn,l +A(nu)na(Aq),1+A(nu)na(0p),1}

I=io
(13)
where
A(nv)fin,l=(2/b)xp_[A(yu)fin (14)
ANy naqagy,1 = (2/0) X, ;A (V) naagy (1%
A(nu)na(up),lz(Z/b)xn,lA(yv)nﬂ(up) (16)

where i and o refer to the inboard and outboard propeller
pair, respectively, of a typical four-engine aircraft, x, is the
distance of the disk centers of a propeller pair from the origin
of the X-body axis, and x, the distance of the centers of
pressure of a nacelle pair from the same origin.

Variation of A(7,) ., With T, in the low-speed condition

will, naturally, be similar to the variation of A(p,) jouer - The
destabilizing propeller contribution 2A(n,)y, calculated
using the propeller simulation program represents 4% of the
overall n, value for the test aircraft at these conditions (Fig.
3b), while the estimated slipstream contribution
2[A(1y) pa(agy + A1) nata,) 1, which should have a maxi-
mum value at the low-speed, full-power condition, is found to
be negligible in the case of the test aircraft. Note that lateral
displacement of the centers of pressure of the slipstream-
immersed wing areas in sideslip will result in a lateral shift in
wing drag which will, in principal, contribute to n,. However,
calculations have shown that this contribution is negligibly
small.
- The fact that 2[A(%,) s(ag) +A (1) e, ] is of small
magnitude as estimated for the test aircraft is, in general,
confirmed by the data for the overall n, values extracted from
the recorded control inputs and aircraft responses (Fig. 3b)
since n,, shows little effect despite the large slipstream velocity
(or thrust) variations. In Fig. 3b full-scale wind-tunnel results
of n, for the light twin-engine aircraft of Ref. 1 are also
shown to be practically constant with large variations in
thrust.

The importance of the destabilizing contribution A(n,) ¢,
increases with increasing speed. It has been shown that
existing theory estimates an upper bound on A(y,)s, and,
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since A(n,) 4, is directly proportional to this contribution, an
upper bound is thus also predicted on A(n,,) g, . The estimated
value of A(¥,) s, at 200 KIAS in the case of the test aircraft is
—0.025, giving an upper boundary of —0.013 on 2A(n,) 4,
which represents 9% of a propeller-off wind-tunnel scale
model value for n,, at the same C; .

Propeller Rolling Moment due to Sideslip

Propeller effects on /, consist of a rolling moment due to
the propeller side force, and a rolling moment due to the
lateral displacement of the centers of pressure of the slip-

o Extracted derivatives from fiight tests of test aircraft {o=2.5°)
— Caleulated propelier contributions for test aircraft
----Full-scale W.T. results of Light Twin {oc=6°}, Ref.1
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Fig. 3 Variation of stability derivatives with power (50 deg flap
selected).
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stream-immersed areas in sideslip:

A(I )power =2 E [A(l )(Aq+e )I+A(l )fml] (17)

I=io
where

2
A(lu)ﬁnJ:" EZT,IA(yv)fin (18)

The increment of lift generated at each slipstream-immersed
area of the wing is a function of the increased dynamic
pressure and downwash behind the propeller disks. Let
AC) (ay and ACy( be the lift increments (per propeller) due
to increased dynamic pressure and downwash, respectively,
and assume these to be centered at the wing quarter chord. If
it is further assumed that the lateral shift in center of pressure
is equal to x, tan (8+g,) for sideslip angle 3, where x,, is the
distance of the disk centers of a propeller pair from the wing
quarter-chord locations of the respective immersed areas,
then it can be shown ¢ that:

Al) (Ag+ep)l = (AC, syt +ACL(ep),1)
X (x,,/b)[1—(d0,/3B)] (19)

A method to estimate AC; 44), ACL(E ) is also given in Ref. 6.

The contribution 2A(l ) fins calcullted using the propeller
simulation program, is shown in Fig. 3c to be negligibly small
despite the large variation with 77/ at the low-speed conditions
considered.. The reduction in /,| due to. increasing T
demonstrated by the flight test results is then attributed to
A(l,) (ag+e,). It can be seen from Fig. 3¢ that for the 50 deg
flap case at the incidence of concern, the low-power value of
/, is reduced to approximately half its value when full power is
apphed The contribution 2A(/,) (4 tep) @S estimated by Eq.
(19) is shown in relation to the data. To' compare the predicted
variation in /, with T/ to the variation demonstrated by the
data, the estimated A(lv) (ag+e,) CUrve is drawn relative to the
mean value of the data points corresponding to T for level
flight. The faired flight test results for the 50 deg flap as well
as a 20 deg flap case are presented with the A(/,) ,; rep)
estimates in Fig. 4a and it is seen that there is fairly good
agreement with the trend of the flight data.

In Fig. 4b the variation of the /, derivative with power from
full-scale wind-tunnel results of the light twin-engine aircraft
of Ref. 1 is given for three flap settings. Fig. 4b was con-
structed by cross plotting results presented in Ref. 1, and the

T
0 0.1 0.2 03 04 © 05
ZA(Z )(Aq+c )relcmve to mean (£, )T -0.27 ‘
_O_OLV—WFolred flight ?est results - 50° flap;
p) _ T az2se
v T oo 20° flap
-0.08} / =99
a)
T
0 0.1 0.2 0.3 D,fL c 0]5
27° flap
= 15° flap.
0° flap

[—2a(2)
—0.12} vi

) reldtive to (ev)T“:

Aq*cp

---Full-scaie W.T. results of Light Twin, Ref.1

b)

Fig. 4 Power-on effective dihedral: a) test aircraft and b) light twin-
engine aircraft.

J. AIRCRAFT

curves for A(/,) (Ag+e,) WETE calculated using Eq. (19). It can
be seen that a similar reduction in /, due to increasing T is
experienced, as obtained from flight test results. Satisfactory
agreement between experimental results and estimates are
thus found for both aircraft, although Eq. (19) is found to
underestimate slightly for large flap deflections and to
overestimate for the clean configuration. It should be noted
that in Ref. 6 it is recommended that Eq. (19) be multiplied by
a factor of 0.5 when used to estimate A(/, )(Aq“ y for the
clean configuration in licu of comparison with data’] presented
in Ref. 1. Some discrepancy between calculated and ex-
perimental results must be expected, since A(/,) a5+ ) 18
based on a relatively simple model. The two basic assump-
tions are that the slipstream is of uniform axial velocity and
that the slipstream-immersed wing areas have definite
boundaries. In practice the axial velocity is nonuniform due to
a nonuniform blade loading, and the rotational velocity
component of the slipstream results in the flow being spilt
over these imaginary slipstream boundaries.

The extent of lateral displacement of the slipstream may
also be effected by nacelle geometry, but this seems not to be
the case, since the data presented are for aircraft of widely
different nacelle geometries, and it is shown that Eq. (19)
predicts the variation in A(/,) (a4 +ep) equally well in both
cases.

The magnitude of the contribution 2A(/,) g, increases with
increasing speed. However, it is estimated that the upper
boundary on this contribution for the test aircraft at 200
KIAS (with A(y,) s = —0.025) will still represent only 1% of
a propeller-off wind-tunnel scale model value for /, at the
same C; .

Propeller Rolling Moment due to Roll Rate

Propeller effects on /, consist of a rolling moment due to
propeller in-plane forces arising from rate of roll, and a
change in damping of the wing in roll due to a change in wing
lift curve slope as a result of slipstream influence:

AU power =2 15 1AW (agrepy i H AU 5s]  (20)

I=io

where
Adl, ) (ag+e = 2[ACLQ(Aq)+ACLa(€p)](yT,,/b)Z 21
A(Ip)ﬁn,[= —4Cya (yT‘,/b)z(nZD“/ V28) (22)

Estimates of the incremental changes in wing lift curve
slope due to a change in slipstream dynamic pressure and
downwash, respectively, are somewhat difficult to obtain;
and since the extracted /, derivatives (Fig. 3d) reflect no
variation with T7, it is assumed that the slipstream con-
tribution A(/,) (ag+¢,), which should demonstrate maximum
variation at these low-speed conditions with large variations
in thrust, are negligible for the test aircraft. There appears to
be no other experimental data available concerning propeller
influence on /,, but in Ref. 6 estimates of A(l,) (ag+e,) were
made for the light twin-engine aircraft of Ref. 1 which show
this contribution at high power (7. =0.44) to be only 4% of
the overall /, estimate for an 8 deg incidence. The invariance
of the /, data over the range of thrust values presented herein
suggests that the estimate of Ref. 6 is in fact of the small order
indicated.

It can be shown that for the test aircraft the contribution
2A(1,) g, is negligible at the conditions for which the data are
presented, as well as at the maximum speed case which would
correspond to maximum 2A(/,) g, . This was also found to be
the case for the light twin-engine aircraft, Ref. 6.

Propeller Yawing Moment due to Rol} Rate

Propeller effects on 7, consist of an incremental change in
the wing damping in yaw due to a change in drag curve slope
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as a result of slipstream influence:

A(rll,;)laower =2 E A(np) (Aq'+ep )1 (23)

I=i0

where
A(np)(Aq+ep),1=2ACDC,(A,]+5‘D)‘[(yT,l/b)2 (24)

An estimate of the incremental changes in drag curve slope
of the slipstream-immersed wing areas due to the increased
dynamic pressure and downwash can probably be obtained
only experimentally. The n, derivatives extracted at the low-
speed conditions for the 50 deg flap configuration are
presented in Fig. 3e. Although there is considerable scatter of
the data, the randomness of the data, as well as of data ob-
tained for the 20 deg flap configuration, does not suggest a
significant trend of n, with the large variation in power.
Therefore no attempt was made here to estimate the
postulated propeller contribution A(n,) (aj4+e ). There ap-
pears to be no other experimental data available concerning
propeller influence on n,,.

Propeller Rolling Moment due to Yaw Rate

The propeller effect on /, is due to the rolling moment
caused by the lateral displacement of the centers of pressure
of the slipstream-immersed wing areas when the aircraft
possesses a rate of yaw:

AU power =2 33 AU (g @5)

I=i0
where, from Ref. 4:
A(l) (Ad+ey) = (ACL(Aq),I+ACL(ep),I) (x,,/b) 2 (26)

In Fig. 3f, 2A(/,) a5+, , @s calculated from Eq. (26) is
shown for the 50 deg fla'ip case, which corresponds to a
maximum possible value of this contribution, since
(AC, a5y TACL(e,) ) 1s a maximum at the largest flap
deflection. It is shown that 2A(/,) (4, . , gradually increases
with thrust coefficient until it represents about 8% of the
mean overall /, value at high thrust. The /, data presented in
Fig. 3f indicate a greater increase in /, with 7 than estimated,
but it has also been found that the data obtained for a 20 deg
flap selection indicate a decreasing trend with 7.. No con-
clusion could be reached concerning the propeller con-
tribution to /, due to these conflicting results. There appears
to be no other experimental data available concerning
propeller influence on/,.

Propeller Yawing Moment due to Yaw Rate

In Fig. 3g it is noted that the data for the n, derivatives
extracted at the low-speed conditions for the 50 deg flap
configuration seems to suggest a power dependency despite
the experimental scatter, since the derivatives corresponding
to the small positive thrust value are significantly lower than
n, corresponding to full power. Possible propeller effects on
n, may be the result of 1) a contribution due to the propeller
disk negative thrust gradient 87/dV, and 2) a change in wing
contribution to 7, due to the incremental change in drag of the
slipstream-immersed areas of the wing. It seems that neither
of these possible effects have been dealt with in the literature
before, and so they will be analyzed here.

Contribution to n, due to dT/3V

Due to the lateral displacement of the propeller shafts from
the c.g. of multiengine aircraft, there will be a contribution to
the axial and radial inflow velocities into the propeller disks
when the aircraft possesses a rate of yaw. Assuming that the
propeller angular velocity wsr (the rate of yaw of the air-
craft), then from Fig. S the yaw-induced axial and radial
velocity components at x on the intercept of the plane con-
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taining the propeller disk and a plane parallel to the XY
aircraft plane through the center of the propeller disk are, for
the case of right-hand propellers:

Port propellers: Vap(X)=r({yr— (Dx/2)]cosi, (27)
V., (x)=—rx, (28)

Starboard propellers: V,  (x} = —r[(y+ (Dx/2)]cosi, (29)

V.o (x)=—rx, (30)

The components of these velocities relative to a blade at
azimuth 6 are then (Fig. 5):

Vop(x,0)=rlyr— (Dx/2)sind]cosi, 31
V,p(x0)=—rix,— (Dx/2)sini,cosf] (32)
V,s(x,0) = —r[yr+ (Dx/2)sinf] cosi, (33)
V,s(x,0) = —r[x,— (Dx/2)sini,cosf] 34)

The axial velocity distribution over each disk area will
result in an incremental change in thrust of each propeller,
due to the thrust gradient d7/dV, and these thrust changes
will produce a yawing moment about the aircraft c.g. The
resultant port and starboard thrust forces are displaced
distances Ay, and Ay,, respectively, from the propeller shaft
axes; this is due to the asymmetrical axial velocity distribution
over each disk. In addition a yawing moment will also be
produced due to the propeller side forces as a result of the
radial velocity distribution. The total yawing moment due to
the propeller pairs can therefore be written as follows in
coefficient form:

AN=pn?D* )] [(r7=43,)Cp — (77 +4%,) Cr,

I=i0
+xp(Cyp+CYs)], 35

with C; and Cy the integral values of the thrust and side-force
coefficients, and

Ay,=-D(Cy,/Cy,) (36)
Ay,=—D(Cy,/Cr,) G37)

with C, the integral yawing moment coefficient due to the
asymmetrical thrust distribution over a propeller disk. It can
be shown that to a very good approximation Cy, =C, and
Cy,=Cy,. Thus by introducing Egs. (36) and (37) into Eq.
(35), and - assuming that ANor for small perturbations in yaw,
the propeller disk contribution to the derivative n, is then
given by:

4n’D’ y X
A D 1 _ Xp
) acr= T 1;;0[1) (Cr, CTS)+2CN+2DCY][

(3%

‘ Aircraft ¢

+X
Port propeller seen
from front

Fig. 5 Propeller inflow due to yaw rate.
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Equation (38) is independent of the direction of propeller
rotational velocity. The thrust differential term in Eq. (38) is
the most significant of the three and it can be shown that
lA(n,) o] will have maximum values at low descent speeds
which would correspond to low values of thrust associated
with low blade pitch settings. This is explained in more detail
in Ref. 4. Since A(n,) acy is negative for all conditions, the
propeller disks increase the overall damping in yaw of the
aircraft.

Using Eqgs. (31-34) to calculate the propeller inflow, the
integral thrust, sideforce, and moment coefficients were
calculated by the propeller simulation computer program to

obtain A(#n,) sc, from Eq. (38) for the test flight conditions
considered. In Fig. 3g A(n,) ACy is shown in relation to the
flight data of the overall n, derivatives extracted for three
power conditions with the aircraft in a 50 deg flap con-
figuration. The low speeds attainable at this full-flap con-
figuration would correspond to maximum values of
A(n,) scp in accordance with the discussion above. It is found
that A(n,) s¢, represents 13% of the overall n, value for the
power setting corresponding to a level flight speed of 86
KIAS, and increases to 19% of this value for the small
positive thrust setting. The experimental scatter of the n, data
is somewhat large, but it appears that the trend with variation
in T as estimated by A(n,) s¢, is confirmed.

There appears to be only one source of experimental data
concerning propeller influence on the s, derivative, namely
NACA TN 1080.3 A value for n, for a wind-tunnel model
consisting of two pusher-type propellers mounted on a wing is
presented. This configuration implies that the only propeller
contribution to n, will be A(n,) .. since there is no slip-
stream flow over the wing. It was found that the damping in
yaw was about 10% less than the damping obtained with
propellers windmilling, which is to be expected in the light of
the results presented above on the magnitude of A(n,) acy

Contribution fon , due to Incremental Drag Change of Slipstream-
Immersed Wing Areas

Since an incremental change in axial flow velocity relative
to the propeller disk results from aircraft yaw rate, it follows
that there will also be a consequential change in propeller
slipstream velocities which may effect the drag of the im-
mersed wing areas. Let Cp, be the propeller-off drag coef-
ficient (induced and profile drag included) of the wing area
immersed by the slipstream in the power-on condition, and let
AC), be the incremental change in Cp, due to the slipstream,
with both Cp,, and ACp on a per-propeller basis and
referenced to the total wing area. From Eqgs. (31) and (33) the
mean axial inflow velocity increments for one revolution of a
blade of a port and starboard propeller are ryrcosi, and
—ryycosi,, respectively. Assuming that the corresponding
changes in slipstream velocity at the wing may be written as
Jryrcosi, and - fryrcosi,, then the incremental change in
total yawing moment from the propeller-off to the power-on
condition may be written as:

AN=12pS ) ([(V—fryrcosi,) 2 (Cp, +ACp ) yr

I=ko

- (V+fryTCOSip) 2 (CDi +AC'D,- )yT] power on
— [(V=ryycosi,) *Cp yr

- (V+ ryTCOSip) 2CD,-yT] prop off }1 (39)

Assuming that ANo«r for small perturbations in yaw, then
from Eq. (39) the propeller slipstream contribution to the
derivative n, is given by:

8
A1) scp =75 2o WFLCH, (I=f) —fACp, Jcosiy},  (40)

I=i0
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The factor f represents the gradient of change in slipstream
velocity aft of the propeller at constant blade setting, with
change in the freestream inflow velocity:

v
=5
The obtain an estimate for f, the propeller thrust equation
T=p(w/4)D?(V+ Yav)v derived from momentum con-
siderations is differentiated with respect to ¥, and the slip-
stream velocity v from this thrust equation is substituted into
Eq. (41) to yield an expression for f in terms of thrust, thrust
gradient, and velocity. After nondimensionalizing these
quantities the estimate for fis given by:

@41)

TR R G NG N

With dC,/8J negative and [(x/4){J?+ (8Cp/m)}" >
(w/4)J], f is negative and it follows from Eq. (40) that
A(n,) scp, constitutes a decrease in yaw damping. It can be
shown that |f] increases with a decrease in speed, but is less
dependent on thrust variation. Using a procedure outlined in
Ref. 8 to estimate ACp,, A(n,) acp, was calculated for the test
aircraft at 80 KIAS with full power and 50 deg flap selected.
Values of ACp,;, Cp,, and Ifl, and thus of A(n,) s, , would
be close to maxima at this condition, and it was found that
A(n,) zc,, represents approximately 6% of the overall n,
value extracted from flight tests.

There appears to be no other experimental data concerning
propeller slipstream influence on the wing damping in yaw.
Data presented in Ref. 3 for n, of wind-tunnel model aircraft
with tractor-type propellers running are not directly com-
parable since there may also be slipstream vertical tail in-
teraction due to the proximity of the propeller thrust lines to
aircraft centerlines.

It has been mentioned in the previous subsection that
A(n,) ACr will be most significant at a low-speed, low-power
condition; while here it was found that A(n,) acp will be most
significant at a low-speed, full-power condition, but is in
general not sensitive to power variation at a certain speed.
Thus the gain in yaw damping due to A(n,) 5, is reduced by
A(n,) scp, but variation in n, due to power variation at a
certain speed will be determined by A(n,) aCy

Propeller Influence on Static and Dynamic Stability
Lateral and Directional Static Stability

The directional static stability is determined by n,. It has
been shown that for the low-speed condition, the destabilizing .
contributions A(n,) g, and A(n,) 5 may decrease the
static stability significantly, although it will not be

Table 2 Roots of the characteristic equation
for three power settings

T 0.066 0.274 0.422
Derivatives for o =2.5deg, 50 deg flap
C, =156 1.68 1.90
f, =-038
[, =02
n, = —0.38 { Invariant with power
n, =0.2
y, =-—054
l, =-0.11
n, =-032
Small real root —0.0326 +0.0838 +0.219

Large real root -10.0 -9.93 -9.9
Conjugate pair of
complex roots

—-1.38+6.77i —1.41+£6.49 —1.46+6.31i
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significantly influenced by large variations in power due to the
invariance of these propeller contributions with power.

The A(n,) g, contribution will become more important as
speed is increased. However, the vertical tail contribution to
n, may also increase with increasing speed (decreasing in-
cidence) and thus the relative importance of A(#n,) g, to n,
will be decided by aircraft geometry, propeller location
relative to the c.g. position, and propeller geometry.,

Lateral and Directional Dynamic Stability

In the light of the flight test results and estimates presented,
it has been noted that propeller contributions to stability may
be divided roughly into two groups—the first being con-
tributions which are significant at high- and low-speed flight
conditions but do not show appreciable variation with power,
for instance, A(y,)y, and A(n,)p,; and the second being
contributions which show significant variations with power at
low-speed conditions, for instance, A(/,) o;.., and to a
lesser extent A(n,) acr Therefore it can be expected that
significant changes in the lateral modes of motion due to
power variation will occur at the low-speed condition, mainly
as an effect of A(/,) (Ag+ep)* This will be most pronounced for
the full-flap configuration.

Using values of the derivatives for the 50 deg flap con-
figuration presented in Figs. 3, the roots of the characteristic
equation were found at three power settings, see Table 2. It
has been assumed that n,, y,, n,, /,, and /, were constant due
to their demonstrated invariance with power, while the power-
dependent derivatives were /, and n,; the variations of the
latter with power were taken to be those predicted by the
propeller simulation program for A(#n,) acy+

It is noticed in Table 2 that only the small real root, which
corresponds to the slow spiral motion, is significantly af-
fected. The motion is a subsidence for the low-power value,
but becomes divergent as power is increased, and the time to
double amplitude for full power is only 14 s. Flight conditions
corresponding to this reduced recovery time for a divergent
spiral motion would be when full power is applied to climb
away with full landing flap after an aborted landing, or, to a
lesser extent during the takeoff climb with full power and
takeoff flap deployed. Although the reduced recovery time
can still be regarded as safe, the reasonably close proximity of
the aircraft to the ground for both of the mentioned con-
ditions suggests that the test for spiral stability of multiengine
aircraft designs should be made for these conditions after the
changesin/, and n,, due to A(/,) (Ad+e,) and A(n,) o¢.., have
been accounted for. It is interesting to note that the reduction
of /, for low-speed, high-power conditions may be of im-
portance to propfan designs now considered. A propfan
would have a diameter approximately half the diameter of a
turboprop producing the same thrust. Considering slipstream
diameter and immersed wing area, it can be shown that
A(l) (Ad+e,) x1/D for a given thrust, implying that the
reduction fn I, due to the installed propfan would be ap-
proximately tw1ce that for the equivalent turboprop.

The large real root, which corresponds to the roll sub-
sidence, is not significantly affected by the changes in /, and
n,. The real parts of the conjugate pair of complex roots,
which corresponds to the damping of the dutch roll, increases
slightly with power, thus increasing the already heavy
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damping with 50 deg flap while the frequency is slightly
decreased as power is increased.

At high speed A(/,) (aj+¢,) and A(n, )AC become in-
significant and the only significant contribution is A(n,) g0
which will reduce the dutch roll damping slightly from the
assumed propeller-off value.

The only slipstream effects considered in this paper have
been those influencing the wing contribution to stability. It
should be noted that interaction between slipstream and
horizontal tail may also occur on certain aircraft when
operated at higher incidences. This interaction will result in
the secondary contributions of the horizontal tail surface to
1,, 1., and n,_ being influenced to some extent, which may be
estimated in a similar manner as for the wing.

The importance of wing/slipstream interaction with regard
to the /, derivative has been emphasized in this paper. It
should be noted that the method of Ref. 8 which has been
used here to estimate the lift increments due to slipstream
from which A(/,) (ag+¢,) was calculated is based on an
analysis by Ribner.? Although this method was found here to
produce acceptable results, wing/slipstream interaction is
treated in more recent analyses 11 which may provide a basis
for the establishment of more rigorous analytical expressions
for A(/,) (aj+., and other slipstream-related contributions to
stability cited ifi this paper.
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